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Abstract

Understanding how contrasting crop-rotation sequences influence soil properties is
important for assessing changes in soil condition and sustainable crop production. This study
evaluated changes in near-infrared (NIR) spectral absorbance and soil bulk density (pb)
between a common 2015 baseline and a 2019 endpoint in a long-term crop-rotation trial at
Langgewens Research Farm. In 2015, the trial was planted to wheat as a uniformity crop,
after which contrasting crop sequences were implemented from 2016 to 2019. Surface soil
samples (0-5 cm) were collected from 120 experimental plots in 2015 and 2019. Samples
were oven-dried, ground, and passed through a 2 mm sieve before NIR scanning, while pb
was measured using 100 cm?® cores. NIR absorbance was higher in 2019, despite an overall
decline in soil organic carbon, while pb decreased from 1.36 to 1.23 g cm™ 3. More diverse
crop sequences generally showed greater increases in spectral absorbance and reductions in
pb. These contrasting responses indicate that NIR absorbance was not directly associated with
changes in soil organic carbon. Contrasting crop rotations were associated with measurable
changes in soil spectral characteristics and packing, highlighting the value of interpreting NIR
alongside complementary soil properties and repeated measurements.

Keywords: crop rotation, near-infrared spectroscopy, soil bulk density, soil health

Introduction

Soil properties vary considerably within agricultural fields as a result of interactions
among soil-forming factors, topography, climate, land-use history, and management practices
(McBratney et al., 2003; Blanchy et al., 2023). This spatial variability influences soil water
dynamics, nutrient availability, root development, and ultimately crop productivity (Poggio et
al., 2021). Within-field differences in soil properties may also affect the response of soils to
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agricultural management, making an understanding of spatial and temporal soil variability
important for evaluating changes in soil condition and crop production under different
cropping systems.

Landscape position is an important driver of within-field soil variability because it
influences water redistribution, erosion and deposition, and the accumulation and
decomposition of organic materials. Consequently, properties such as soil texture, pH, organic
matter, nutrient concentrations, and water-holding capacity may vary along topographic
gradients (McBratney et al., 2003; Jaksic¢ et al., 2021; Wang et al., 2023; Yaqoob et al., 2024).
Topography-driven variability has also been associated with differences in soil carbon
distribution and crop productivity within agricultural fields (Jaksi¢ et al., 2021; Védere et al.,
2022; Dhillon et al., 2025). Establishing a common baseline is therefore particularly
important when assessing changes associated with subsequent crop-rotation treatments,
because pre-existing spatial variability can influence comparisons among treatments.

Soil management and cropping history can modify soil physical condition over time
(Blanco-Canqui and Ruis, 2018). Crop rotation, residue management, fertilisation, and tillage
influence soil organic matter dynamics, aggregation, pore structure, and compaction, with
consequent effects on soil water movement and root development (Ashworth et al., 2020;
Rigon and Calonego, 2020; Mtyobile et al., 2020; Xu et al., 2024). Bulk density is a widely
used indicator of soil physical condition because it integrates the effects of soil structure and
pore-space characteristics and is directly related to soil compaction, aeration, water
infiltration, and root penetration (Hékansson and Lipiec, 2000; USDA Natural Resources
Conservation Service, 2022). Higher bulk density generally indicates reduced total pore space
and may constrain root growth and water movement, whereas lower bulk density is generally
associated with greater porosity and more favourable conditions for root development. Bulk
density is also required for converting soil carbon concentrations to area-based carbon stocks,
making it relevant to assessments of changes in soil carbon and soil quality (Nunes et al.,
2020; Orzech et al., 2021).

Detecting changes in soil condition requires measurements that can be applied
consistently across spatially variable agricultural fields. Conventional laboratory analyses
provide reliable measurements of individual soil properties but can be relatively time-
consuming and resource-intensive when large numbers of samples are required. Visible and
near-infrared (Vis—NIR) spectroscopy has therefore received increasing attention as a rapid
approach for characterising soil properties and identifying differences in soil condition (Wang
et al., 2024; Win et al., 2025; Shin et al., 2025). Soil spectral responses contain information
related to mineralogical, organic, and chemical characteristics and have been used to estimate
properties including soil organic carbon, texture, pH, and nutrient status (Wang et al., 2023).
This makes spectroscopy potentially useful for monitoring spatial and temporal changes in
soil properties and supporting precision soil management.

Bulk density is not directly measured from a specific Vis—NIR absorption feature;
rather, its prediction from soil spectra is generally indirect and relies on statistical
relationships between spectral response and soil constituents associated with bulk density.
Soil bulk density has nevertheless been successfully predicted using Vis—NIR spectroscopy
when appropriate calibration and validation datasets are available (Katuwal et al., 2020). Such
relationships can arise because bulk density is associated with soil properties and constituents,
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including soil organic carbon and particle-size distribution, that contribute to the measured
spectral response (Soriano-Disla et al., 2014). In the present study, bulk density was
determined directly from intact soil cores, whereas NIR spectra were obtained separately from
prepared soil samples. The spectral and bulk-density measurements were therefore treated as
complementary indicators of soil condition rather than as a spectral prediction of bulk density.
Consequently, differences in spectral response between sampling dates were not interpreted as
direct measurements or estimates of changes in bulk density because no bulk-density
prediction model was developed or independently validated in the present study.

Temporal assessment of soil properties is particularly relevant in long-term cropping
experiments, where differences in management may gradually modify soil physical and
chemical conditions. Crop rotation and other management practices can influence soil organic
carbon, aggregation, pore structure, and bulk density over time (Rigon and Calonego, 2020;
Mtyobile et al., 2020). However, the magnitude and direction of these changes depend on the
initial soil condition, environmental conditions, and management history. Changes in soil
properties therefore cannot be interpreted independently of their initial spatial variability. In
the present study, 2015 represented a common baseline established before the implementation
of the subsequent crop-rotation treatments, whereas 2019 represented the endpoint of the
observation period. Thus, comparison between the two sampling dates provides an assessment
of the net change in measured soil properties and spectral response over the study period.
Because measurements were available only for 2015 and 2019, the study does not attempt to
describe the trajectory or rate of change between these dates.

Despite the increasing application of soil spectroscopy for rapid soil characterisation,
quantitative interpretation of spectral measurements requires appropriate reference
measurements and calibration and validation procedures (Soriano-Disla et al., 2014). Vis—
NIR spectroscopy has demonstrated potential for estimating a range of soil physical and
chemical properties, but prediction performance varies among properties and depends on the
quality and representativeness of the calibration dataset (Soriano-Disla et al., 2014; Katuwal
et al., 2020). In particular, bulk density presents an additional challenge because the structural
pore space that defines bulk density is altered when soil samples are dried, sieved, and ground
for laboratory spectral measurements. Therefore, there is a need to distinguish between
changes in measured spectral response and changes in directly measured soil properties when
spectroscopy has not been calibrated specifically for their prediction. Assessing NIR spectral
response together with directly measured soil organic carbon and bulk density provides an
opportunity to describe temporal changes in soil condition while maintaining a clear
distinction between measured soil properties and spectral characteristics.

The objective of this study was to evaluate changes in soil organic carbon, NIR
spectral response, and bulk density between 2015 and 2019 in an experimental field subjected
to contrasting crop-rotation sequences following a common baseline wheat crop. Specifically,
the study aimed to (i) quantify changes in soil organic carbon and bulk density between the
2015 baseline and 2019 endpoint, (ii) characterise differences in NIR spectral response
between the two sampling dates, and (iii) evaluate differences in SOC, bulk density, and
spectral response among the crop-rotation treatment groups.
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Materials and Methods

Study area, trial design, and layout
This study utilised data from a long-term crop and soil sustainability field experiment located
at the Langgewens Research Farm in the Swartland region of the Western Cape, South Africa
(33°16'34.41" S, 18°45'51.28" E), depicted in Figure 1. A detailed description of the site
characteristics, soil properties, and experimental design has been previously reported by
Ngejane et al. (2026). The field experiment was conducted within a 12-ha long-term
experimental area at Langgewens Research Farm. The trial area consisted of three camps
(19B, 19C, and 20) of different sizes; therefore, the experiment was established using an
incomplete block design. The treatments represented contrasting crop-rotation sequences and
levels of crop diversity. The whole trial area was planted to wheat in 2015 as a uniformity
crop, before the contrasting crop sequences were implemented from 2016 onward. The
present study uses soil measurements collected at two sampling dates, 2015 and 2019. Thus,
2015 represents the common baseline, and 2019 represents the endpoint after four years of
contrasting crop-rotation management. The 2016-2018 information describes crop-
management history and does not represent intermediate NIR or bulk-density measurements.

Figure 1. Map of the Langgewens Research Farm and its location in the Western
Cape province, South Africa.

Soil sampling, preparation, and analysis

For both sampling dates, 2015 and 2019, surface soil samples were collected from the
120 experimental plots before planting. Bulk-density samples were collected from 0-5 cm
using 100 cm® metal cores. The cores were taken to the laboratory, oven-dried and weighed,
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and bulk density (pb) was calculated as oven-dry soil mass divided by core volume, expressed
ingcm™ 3 (Ma et al., 2013). The soil was then ground and passed through a 2 mm sieve. The
<2 mm fraction was scanned using a Bruker Multi-Purpose Analyser spectrophotometer to
obtain NIR spectral signatures, following the scanning approach described in Ngejane et al.
(2026). A summed absorbance index (A) was calculated from absorbance values across the
measured wavenumbers (4000-9000 cm™ 1).

This index is used here as a descriptive spectral summary rather than as a direct
physical quantity representing total electromagnetic absorption. The ground samples were
also used to determine soil organic carbon (SOC) using the Walkley—Black dichromate
oxidation method according to the procedures of the Non-Affiliated Soil Analysis Work
Committee (1990).

Figure 2. Experimental plot layout per camp. Spatial points on the map represent
surface sampling locations within each experimental unit.
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Figure 3. Absorbance in selected regions versus wavenumbers.

Statistical analysis

The 2015 and 2019 observations were compared at the plot level, with 2015 serving as
the common baseline and 2019 representing the endpoint. The analysis employed t-tests for
comparisons between years and treatments. Treatment effects on spectral change were
evaluated using pairwise comparisons among treatment groups. The plot was considered the
experimental unit, while the four trial replicates constituted the experimental replication
structure. The 649 band-wise tests and 30 crop-sequence tests were considered exploratory.
For the crop-sequence comparisons presented in Table 4, p-values were adjusted for multiple
comparisons using the Benjamini—Hochberg false discovery rate (FDR) procedure.

Crop rotation sequences of the trial area

The trial tested three cropping systems as treatments with different levels of crop
diversity, which are:

System 1 (Treatment 1) - low diversity: wheat/ canola/ wheat/ legume cover/ wheat/
wheat/ canola/ grass cover/ wheat/ canola.

System 2 (Treatment 2) — more diversity: wheat/ faba beans/ legume cover/ wheat/
wheat/ canola/ grass cover/ vetch/ wheat

System 3 (Treatment 3) — most diversity: oats/ linseed/ wheat/ legume cover/ wheat/
barley/ canola/ grass cover/ faba beans/ wheat

The one hundred and twenty (120) plots were allocated to accommodate the 4
replicates of the trial as depicted in Figure 2. Of the four replicates, three were randomly
assigned to camps 20 and 19C, while replicate 4 for all sequences was allocated to camp 19B.
In this manner, the results of the experiment may be analyzed with either 3 or 4 replications.
To assess the variability in production, the whole trial area was planted to wheat as a
uniformity trial in the year 2015, and for the other years, crops were rotated as shown in Table
1. The crop sequence was recorded annually from 2015 to 2019. In contrast, the NIR spectra and
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bulk-density measurements analysed in the present study were obtained only at the 2015 baseline and
2019 endpoint; 2016-2018 therefore represent management history rather than intermediate soil

measurements.

Table 1. Crop rotation sequences over the years of the field trial at Langgewens

research farm.

Crop 2015 2016 2017 2018 2019

Sequence

1. Wheat  Wheat Legume cover Wheat Barley

2. Wheat  Legume cover Wheat Barley Canola

3. Wheat  Wheat Canola Wheat Canola

4. Wheat  Canola Grass cover Wheat Canola

5. Wheat  Legume cover  Wheat Wheat Canola

6. Wheat  Legume Cover Wheat Wheat Canola

7. Wheat  Barley Canola Grass cover Faba beans

8. Wheat  Vetch Wheat Wheat Faba beans

9. Wheat  Wheat Barley Canola Grass cover

10. Wheat  Wheat Wheat Canola Grass cover

11. Wheat  Wheat Wheat Canola Grass cover

12. Wheat  Wheat Canola Wheat Legume cover

13. Wheat  Wheat Faba beans Wheat Legume cover

14. Wheat  Oats Linseed Wheat Legume cover

15. Wheat  Faba beans Wheat Oats Linseed

16. Wheat  Grass Cover Faba beans Wheat Oats

17. Wheat  Wheat Canola Grass cover Vetch

18. Wheat  Canola Wheat Canola Wheat

19. Wheat  Grass cover Wheat Canola Wheat

20. Wheat  Canola Grass cover Faba beans Wheat

21. Wheat  Wheat Wheat Faba beans Wheat

22. Wheat  Wheat Canola Grass cover Wheat

23. Wheat  Canola Wheat Legume cover Wheat

24. Wheat  Faba beans Wheat Legume cover Wheat

25. Wheat  Linseed Wheat Legume cover Wheat

26. Wheat  Wheat Oats Linseed Wheat

217. Wheat  Canola Grass Cover Vetch Wheat

28. Wheat  Wheat Legume cover Wheat Wheat

29. Wheat  Wheat Legume cover Wheat Wheat

30. Wheat  Grass cover Vetch Wheat Wheat
Results

Inspecting total NIR absorbance

To assess the net change between the baseline and endpoint, the NIR absorbance
spectra measured in 2015 and 2019 were plotted on the same axis (Figure 4). Overall, NIR
absorbance values recorded in 2019 were higher than those from 2015 for most plots. The
reported mean and standard deviation describe the distribution of the calculated spectral
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summary across the observations; these statistics should be interpreted as descriptive rather
than as evidence of a temporal trajectory. The plot-level t-test gave p = 5.76781 x 10~ ?,
indicating a statistically significant difference between the two sampling dates under the
original analysis.
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Figure 4. Summed NIR absorbance index (A) measured across the experimental plots,
comparing spectral values obtained at the 2015 baseline and 2019 endpoint.

Analysis of NIR absorbance per bandwidth and per treatment

This section evaluates whether the spectral differences between 2015 and 2019 were
consistent across the measured wavenumbers and how the magnitude of the spectral change
varied among the rotation-treatment groups. The observed differences may reflect changes in
soil composition and other factors associated with the management history between the two
sampling dates.

Band-wise t-tests were performed for each of the 649 measured spectral bands. The
unadjusted analysis yielded p-values below 0.05 across the reported bands. The change in
absorbance (AA) was defined as the 2019 absorbance minus the 2015 absorbance at each
wavenumber. The plots were grouped according to their assigned rotation-treatment group,
and the mean AA was calculated for each group and wavenumber.

Bulgarian Journal of Soil Science® 2026 Volume 11. Issue 2. www.bsss.bg 149



Nompumelelo et al., 2026

0.0186

0.0166

0.0146

0.0126

NA

0.0106

0.0086

0.0068

0.0048

0.0026

0.0008
4000 4500 5000 3500 6000 6500 7000 7500 8000 8500 5000

Wavenumber (cm)

——Treatment 1 =——Treatment2 - Treatment 3

Figure 5. Mean change in absorbance (A4 = 2019 — 2015) for each treatment group
across the measured wavenumbers. Values are averaged across plots within each treatment
group.

Figure 5 shows that Treatments 2 and 3 generally exhibited higher mean AA values

and followed similar spectral trends, whereas Treatment 1 showed lower values. Pairwise
comparisons between treatment groups are presented in Table 2. For the full spectral
summary, Treatment 1 differed from Treatments 2 and 3, while the overall comparison
between Treatments 2 and 3 was not significant (p = 0.15). For the selected 5160 - 4004 cm™ !
bands, however, the Treatment 2 versus Treatment 3 comparison was significant (p = 0.009).
Thus, the full-spectrum and selected-band analyses give different results for this comparison
and should not be conflated.
To further examine the spectral region with the greatest variability, bands within 5160 - 4004
cm™ ! were considered separately. The selected-band comparisons retained the big differences
between Treatment 1 and Treatments 2 and 3, while the Treatment 2 versus Treatment 3
comparison became statistically significant (p = 0.009), in contrast to the full-spectrum
comparison (p = 0.15).
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Table 2. Pairwise comparisons of treatment-group spectral responses, showing p-
values for the full spectral summary and for the selected 5160—4004 cm ~ / bands.

Treatment Full spectral summary Selected bands p-value
p-value

1vs2 7.2x10°% 4.2x10"

1vs3 3.8x10™ 1.9x10°%®

2vs3 0.15 0.009

Assessment of variations in soil bulk density

Changes in soil bulk density (pb) were assessed between the 2015 baseline and 2019
endpoint. Figure 6 presents bulk-density measurements for the 120 experimental plots at the
two sampling dates. The west—east trend lines for the two years were broadly parallel.
Overall, bulk density decreased across the study area, with the 2019 trend line lying below
that of 2015. The mean bulk density decreased from 1.36 g cm™ 2 in 2015 t0 1.23 g cm™ 3 in
2019. This reduction is consistent with a lower degree of soil compaction, but porosity, pore-
size distribution, aeration, and infiltration were not directly measured and therefore cannot be
inferred as direct responses from bulk density alone.
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Figure 6. Soil bulk-density values across the experimental plots at the 2015 baseline
and 2019 endpoint, expressed ing cm ~ 3.

Figure 7 illustrates bulk-density values for the three rotation-treatment groups. Mean
bulk density was lower in 2019 than in 2015 for all three groups. The t-test results are
presented in Table 3. The treatment-level means show the largest numerical reduction for T
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reatment 3, followed by Treatment 2 and Treatment 1; this pattern describes an

association and does not by itself establish a causal effect of crop diversity.

Figure 7. Mean soil bulk density at the 2015 baseline and 2019 endpoint grouped by
rotation-treatment group, with standard error bars.
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Figure 7. Average soil bulk density for the years 2015 and 2019 grouped by system
(treatment), with standard error bars.
Table 3. Descriptive statistics for soil bulk density at the 2015 baseline and 2019
endpoint and the corresponding t-test results.

System  |Average c St. Error p-value
Year 2015 (gcm” %) 2019 (g cm™ 3) |2015 2019 2015 2019

System1 [1.35 1.25 0.11 0.13 0.02 0.02 0.7x10°
System 2 [1.35 124 0.11 0.13 0.02 0.02 2.2x10°
System 3 [1.38 122 0.13 0.16 0.02 0.02 1.4x10”

Table 4 summarises the net change in bulk density for each crop sequence between the
2015 baseline and the 2019 endpoint. Here, Apb = pb,2019 — pb, 2015; negative values
therefore indicate a reduction in bulk density. The 30 crop sequences represent management
histories rather than 30 independent treatments. The original sequence-level p-values were
adjusted using the Benjamini—Hochberg false-discovery-rate procedure; after adjustment,
none of the 30 sequence comparisons remained significant at a = 0.05.
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Table 4. Change in soil bulk density between the 2015 baseline and the 2019 final
sampling following the 2016-2019 crop sequences.

Crop Sequence Apb c P-value BH g-value
1. Wheat Legume cover Wheat Barley -0.17 0.11 0.049 0.191
2. Legumecover Wheat Barley Canola -0.15 0.07 0.021 0.162
3. Wheat Canola Wheat Canola -0.04 017 0.707 0.781
4. Canola Grass cover Wheat Canola -0.1 0.11 0.155  0.245
5. Legume cover Wheat Wheat Canola -0.11 0.08 0.064 0.191
6. Legume Cover Wheat Wheat Canola -0.02 0.12 0.842 0.842
7. Barley Canola Grass cover Faba beans -0.34 0.17 0.027 0.162
8. Vetch Wheat Wheat Faba beans -0.11 0.09 0.089 0.191
9.  Wheat Barley Canola Grass cover -0.13 0.12 0.115 0.203
10. Wheat Wheat Canola Grass cover -0.12 0.13 0.166  0.249
11. Wheat Wheat Canola Grass cover -0.19 0.09 0.025 0.162
12. Wheat Canola Wheat Legume -0.05 0.05 0.141 0.235
cover
13. Wheat Faba beans Wheat Legume -0.1 0.14 0.232 0.316
cover
14. Oats Linseed Wheat Legume -0.08 0.18 0.437 0.516
cover
15. Faba beans Wheat Oats Linseed -0.24 0.19 0.082 0.191
16. Grass Cover Faba beans Wheat Oats -0.17 0.04 0.002  0.060
17. Wheat Canola Grass cover Vetch -0.14 0.17 0.205 0.293
18. Canola Wheat Canola Wheat -0.1 0.03 0.009 0.135
19. Grass cover Wheat Canola Wheat -0.15 0.1 0.061 0.191
20. Canola Grass cover Faba beans Wheat -0.02 0.17 0.819 0.842
21. Wheat Wheat Faba beans Wheat -0.15 0.12 0.084 0.191
22. Wheat Canola Grass cover Wheat -0.09 0.15 0.305 0.381
23. Canola Wheat Legume cover  Wheat -0.12 0.1 0.077 0.191
24. Faba beans Wheat Legume cover  Wheat 0.03 0.07 0.447  0.516
25. Linseed Wheat Legume cover  Wheat -0.18 0.28 0.298 0.381
26. Wheat Oats Linseed Wheat -0.16 0.13 0.096 0.192
27. Canola Grass Cover Vetch Wheat -0.25 0.2 0.089 0.191
28. Wheat Legume cover Wheat Wheat 0.02 0.1 0.729 0.781
29. Wheat Legume cover Wheat Wheat -0.22 0.19 0.104  0.195
30. Grass cover Vetch Wheat Wheat -0.2 0.11 0.033 0.165
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Soil organic carbon

Soil organic carbon (SOC) plays an important role in mitigating greenhouse gas
emissions, sustaining and improving agricultural production, and enhancing soil quality
(Paustian et al., 2019). Changes in SOC over the trial period were assessed by comparing
SOC measurements obtained in 2015 and 2019 (Figure 8). Across all three systems, SOC
concentrations were lower in 2019 than in 2015, indicating an overall decline in SOC over the
trial period. The mean reduction in SOC across the three systems was approximately 0.16
percentage points. A paired-samples t-test indicated that the difference between SOC
measurements in 2015 and 2019 was statistically significant (p < 0.05).
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Figure 8. Soil organic carbon (SOC) for the years 2015 and 2019, averages grouped
per system (treatment) with standard error bars.

Discussion

Changes in NIR absorbance, soil organic carbon and bulk density under
rotationcrop

An upward shift in the measured spectra was observed in Figure 4, with higher NIR
absorbance in 2019 than in 2015, indicating a change in the spectral characteristics of the
prepared soil samples. Soil NIR spectra reflect the combined influence of organic carbon and
other organic compounds, mineralogical composition, iron-bearing minerals, and O-H-, C-H-
, and N—H-containing compounds (Chang et al., 2001; Stenberg et al., 2010; Bai et al., 2022).
Although SOC contributes to soil spectral characteristics and can be estimated using Vis—NIR
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spectroscopy (Soriano-Disla et al., 2014; Bushong et al., 2015; Bai et al., 2022; Reyes and
LieBl, 2024), the mean SOC change in the present study was approximately - 0.16 between
2015 and 2019. Therefore, the higher NIR absorbance cannot be interpreted as evidence of
increased SOC and may instead reflect changes in other spectrally active constituents or their
combined effects.

Treatments 2 and 3 exhibited higher mean AA values than Treatment 1 (Figure 5),
indicating an association between rotation history and spectral response. Crop diversification
can modify biomass production, root turnover, and residue inputs, which may alter soil
chemical and physical characteristics over time (Kazemi et al., 2023; Li et al., 2024; Kundu et
al., 2025). Such cumulative changes may contribute to differences in spectral response among
rotation treatments, although the contribution of individual soil constituents cannot be
separated using the present spectral data.

Bulk density decreased across all three rotation treatments between 2015 and 2019,
with p-values of 9.7 x 107 ©, 22 x 10" ° and 1.4 x 10~ 7 for treatments 1, 2 and 3,
respectively. The mean bulk density in 2019 was 1.255 g cm™ 3. The consistent decline
indicates reduced soil packing over the four years and is plausibly associated with cumulative
effects of crop growth and rotation. Repeated root growth and turnover can rearrange soil
particles and create biopores that provide pathways for air and water movement (Ankit et al.,
2024). Residue decomposition and biological activity may further promote aggregation and
pore development, reducing particle packing and contributing to lower bulk density (Gupta et
al., 2024; Ferreira et al., 2024; Duan et al., 2026). These processes provide a plausible
explanation for the observed temporal decline in bulk density under continued crop rotation.

Most of the 30 crop sequences also showed a numerical decline in bulk density,
although sequence 24 showed a small increase. This widespread direction of change indicates
that the reduction was not restricted to a single treatment. The magnitude differed among
sequences, suggesting that crop composition and associated rooting and residue
characteristics may have influenced the extent of structural change. Treatment 3 showed the
greatest numerical reduction, consistent with a potentially stronger cumulative influence of its
rotation sequence on soil structure. However, after Benjamini—Hochberg adjustment, none of
the 30 sequence-level comparisons remained significant at a = 0.05; therefore, individual
sequence differences should be interpreted as patterns rather than independent causal effects.

The concurrent decline in SOC and bulk density indicates that the reduction in bulk
density was not simply associated with increasing SOC. Instead, it is more consistent with
interacting physical and biological processes, including root penetration and turnover, biopore
formation, residue decomposition, aggregation, and changes in particle arrangement. Soil
structural changes can therefore occur independently of short-term changes in SOC
concentration.

The contrasting trends in NIR absorbance, SOC, and bulk density provide an
important integrated interpretation of the results. From 2015 to 2019, NIR absorbance
increased, whereas both SOC and bulk density decreased. Because the NIR samples were
dried and ground before scanning, the spectral measurements represent the characteristics of
the prepared soil material and do not retain the intact field pore structure. Thus, the NIR and
bulk-density measurements provide complementary information: NIR characterises
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differences in the spectral properties of the soil material, whereas bulk density reflects
changes in field soil packing.

The decline in bulk density across the rotation treatments is consistent with cumulative
changes associated with crop growth, root activity, residue decomposition, and soil structural
development. The greater reduction under Treatment 3 suggests that rotation composition
may have influenced the magnitude of these changes. However, the concurrent decline in
SOC demonstrates that the reduction in bulk density cannot be attributed to SOC
accumulation alone. The findings therefore indicate that crop rotation was associated with
changes in both the spectral and physical characteristics of the soil, while the contrasting
responses of NIR absorbance, SOC, and bulk density demonstrate the need to interpret
spectral measurements alongside independently measured soil properties.

Conclusion

This study evaluated changes in NIR spectral absorbance, soil organic carbon (SOC),
and bulk density between a common 2015 baseline and a 2019 endpoint following four years
of contrasting crop-rotation management. NIR absorbance increased over the study period,
with Treatments 2 and 3 generally showing higher mean AA values than Treatment 1.
However, SOC declined by approximately 0.16 on average, indicating that the increase in
NIR absorbance should not be interpreted as increased SOC.

Bulk density decreased across all three treatments, with the greatest numerical
reduction occurring in Treatment 3. This decline occurred alongside decreasing SOC and is
consistent with changes in soil packing associated with crop growth, root activity, residue
decomposition, and related structural processes.

Contrasting crop rotations were associated with changes in NIR spectral response and
bulk density, while SOC declined. The results highlight the importance of interpreting NIR
spectra using multiple independently measured soil properties rather than as a direct proxy for
a single soil attribute. Further studies should incorporate repeated sampling and direct
measurements of soil structural and biological properties to better establish the mechanisms
underlying these changes.
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